Abstract: Multi-walled carbon nanotubes were synthesized by Chemical Vapor Deposition on supported Ni/SiO 2 using carbon monoxide as carbon source. The effect of Ni loading and feed gas on carbon nanotubes was studied. The yield of carbon was very low when Ni loading was 5% and the yield increased with the increase of Ni loading from 5% to 35%. Then the yield decreased after Ni loading is over 35%. The carbon nanotubes were characterized by TEM, HRTEM and XRD. It was found that the morphology of carbon nanotubes became poor with the increase of Ni loading. The optimum reaction temperature is 600℃ from both aspects of carbon yield and morphology. Without hydrogen in the feed gas, the diameter of carbon nanotubes was in a narrow range of 10~20nm. After hydrogen was introduced to the system, the amount of carbon was enhanced but the morphology became worse.
Introduction
Because of the unique electronic and mechanical properties and potential uses in many fields, carbon nanotubes are getting more and more attention from researchers since its discovery in 1991 [1] . At the very beginning, carbon nanotubes were synthesized by arc discharge, which obtained carbon nanotubes by converting graphite at high temperature and pressure [1, 2] , after that various of novel methods were proposed. CVD (Chemical Vapor Deposition) [3, 4] was becoming a main method for its controllable production of carbon nanotubes. Plenty of substances were used as carbon source， including hydrocarbon (CH 4 , C 2 H 2 , C 2 H 4 , C 6 H 6 , et al.) and inorganic substances (CO, CO 2 , et. al) [5] [6] [7] [8] [9] . Catalyst is usually used In CVD process, and the active component is transition-metal Fe, Co, Ni and some other metal [10] . Most catalysts were prepared by precipitation. But much waste water was produced during these procedures, which is not friendly to environment. Impregnation can avoid the pollution of waste water. In this work, carbon monoxide was used as carbon source and Ni/SiO 2 as catalyst for carbon production. The influence of catalyst and reaction conditions on carbon morphology and the amount of carbon formed was studied.
Experimental
Ni/SiO 2 catalyst was prepared by saturated impregnation. Firstly, nickel nitrate was dissolved in distilled water and the water volume is determined in advance. This solution was then mixed with certain amount of SiO 2 . The mixture was kept at room temperature for 12h, then dried at 120℃for 6h, and calcined at 500℃ for 4h to get NiO/SiO 2 catalyst.
The experimental set-up consists of a horizontal tube furnace with an inner diameter of 30mm. A quartz tube with an inner diameter of 20mm was put into the furnace. A ceramic boat holding 50mg catalyst was placed in the quartz tube at the middle of the furnace. NiO/SiO 2 catalyst was reduced by H 2 at 600℃ for 3h. Then a mixture of CO and H 2 were introduced to the quartz tube under certain temperature. The flow rate of CO and H 2 were adjusted to the given value, CO was closed after 1h and the system was then cooled down to room temperature in H 2 atmosphere. The product was weighted and characterized.
The structure of NiO/SiO 2 was characterized by X-ray diffraction (XRD). The morphology of product was characterized by transmission electrical microscopy (TEM) and filed emission transmission electrical microscopy(HRTEM).
Results and discussion

Influence of Ni loading
A series of catalysts were prepared with different Ni loading ranging from 5% (weight percentage) to 40% (more Ni loading is hardly to be realized because the crystallization of Ni(NO 3 ) 2 ). The XRD results of NiO/SiO 2 with different Ni loading are shown in Figure. 1. As shown in Fig.1 , when Ni loading is 10%, the intensity of amorphous SiO 2 spectra at 2θ=25° is higher. This peak becomes weaker with Ni loading increase while the other spectra become higher which are confirmed to be the characteristic spectra of NiO. TEM images of unpurified carbon nanotubes with different Ni loading are shown in Fig.3 . It was hard to find carbon nanotube in the observation scope of transmission electrical microscopy when the Ni loading is 5%, with Ni loading increase to 10%, carbon nanotubes morphology is much better, the outer diameter is about 30nm or even smaller, the tube body is smooth with little impurity. Some of these nanotubes have catalyst particles at the top which is the characteristic of CVD method. On 20%Ni/SiO 2 catalyst the outer diameter of carbon nanotubes is about 35nm, or a little bigger and some black pieces are around them. On 35%Ni/SiO 2 catalyst as shown in Fig.6 , the outer diameter is about 50nm and the tube body is coarse. From these images we can see that the best morphology of carbon nanotubes is got on 10%Ni/SiO 2 . In view of carbon nanotube yield, the optimum Ni loading is 35% while concerning its morphology, the optimum Ni loading is 10%.
Influence of reaction temperature
Carbon nanotubes were grown on 20% catalyst under different reaction temperature 500℃, 600℃ and 700℃. The carbon yields are 0.8gCarbon/g Catalyst, 2.6gCarbon/g Catalyst and 0.1Carbon/g Catalyst respectively. Obviously, carbon yield got its maximum at 600℃. TEM images are shown in Fig.4 . The diameter of carbon nanotubes formed at 500℃ is about 40nm, while the diameter becomes 20~35nm at 600℃. Little nanotubes can be found after 1h reaction at 700℃. Considering the carbon yield and morphology, the optimum reaction temperature is 600℃. The decomposition of carbon source and the composition of carbon atoms adapted each other, and carbon yield is higher. Activity of catalyst is very low at 500℃ which is lower than the optimum reaction temperature 600℃, so carbon yield is low. At 700℃, the decomposition of carbon source is too fast, many of carbon atoms are deposited as amorphous carbon which covered the active center, and the carbon yield becomes lower then.
Influence of H 2 in feed gas
H 2 is usually added as a feed gas in synthesis of carbon nanotubes [4, 8, 11] for better catalyst effect in CVD process. In this work, we have studied the influence of hydrogen on the structure of nanotubes. Without H 2 in feed gas, carbon yield is only 0.9gCarbon/g Catalyst, while the yield enhanced to 4gCarbon/g Catalyst when 25% H 2 is introduced to the system. TEM images are shown in Fig.5(a) without H 2 , the outer diameter of carbon nanotubes is within 10~20nm. When H 2 is introduced to the system, carbon nanotubes became curly and the diameter range becomes broader to 20~35nm. We infer that H 2 activated some of the Ni atoms in the catalyst and disturbed the regular deposition of carbon at the same time. The HRTEM images are shown in Fig.6 . The angle of graphite layers and central axis is 0 in Fig.6 (a) with CO only while the angle is 10° in Fig.6 (b) with CO and H 2 mixture at CO:H 2 =3:1. This demonstrated that introduced H 2 influenced the deposition type of carbon atom. In this work, CH 4 was detected in the exhausted gas by HP4890, so carbon nanotubes may be decomposed by CH 4 not by CO, which is also confirmed by Chen ping [12] . Another speculator is introduction of H 2 and produced CH 4 may influence the deposition type of carbon atoms to nanotubes. But the mechanism needs to be investigated further. 
Conclusion
Ni/SiO 2 catalyst was prepared by impregnation. Influence of catalyst preparation and reaction condition on carbon nanotubes formed was studied. It was found that Ni loading played an important role in the production of carbon nanotubes. The optimum Ni loading was 35% from the point of carbon yield but the optimum Ni loading was 10% from the morphology. Carbon yield and morphology were related to reaction temperature, and carbon nanotubes formed at 600℃ was better. The influence of H 2 in feed gas on the reaction was also tested. With pure CO as feed gas, carbon nanotubes had an outer diameter of 10~20nm while the diameter was 20~35 with CO and H 2 mixture as feed gas. The HRTEM images proved that the structure difference of carbon nanotubes formed with H 2 or not. The mechanism for this difference needs to be investigated further.
